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Abstract
Social conﬂicts may engender stress-related behavioural and physiological disturbances in the victims of
aggression. In addition, stress-like neurochemical changes and ensuing depressive and anxiety symptoms
might also be evident in the perpetrators of aggressive acts. The present investigation assessed basal levels
of circulating corticosterone and of brain serotonin (5-HT) and norepinephrine (NE) in pre-identiﬁed
submissive and dominant mice. In addition, brain neurochemical changes were determined following a
single or three 15-min aggressive episodes both in submissive mice and in those that dominated the
aggressive interplay. Three minutes after single and repeated confrontations, plasma corticosterone levels
and 5-HT utilization within the prefrontal cortex (PFC) and hippocampus were increased to a comparable
extent in submissive and dominant animals. Interestingly, however, NE utilization within the PFC and
hippocampus was augmented to a greater level in submissive mice. These results suggest that 5-HT
neuronal functioning was generally responsive to aggressive events, irrespective of social rank, whereas
NE neuronal activity within the PFC and hippocampus was more sensitive to the submissive/dominance
attributes of the social situation. It is possible that NE and 5-HT variations associated with an aggressive
experience contribute to depressive- and anxiety-like manifestations typically observed after such
psychosocial stressors, particularly in submissive mice. However, given that 5-HT changes occur irres-
pective of social rank, these data suggest that a toll is taken on both submissive and dominant mice,
leaving them vulnerable to stress-related pathology.
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Introduction
Studies in both humans and animals have indicated
that psychosocial stressors were particularly potent in
promoting behavioural disturbances and eliciting
neurochemical variations that have been implicated in
several psychopathologies. In this regard, victims of
harassment, bullying or aggression reported consider-
able distress and developed maladaptive social be-
haviours (e.g. poor self-esteem, submissiveness, social
withdrawal) as well as depressive and anxiety
symptoms (Bjorkqvist, 2001 ; Hawker & Boulton,
2000). Although most studies have focused on victims,
perpetrators of intimidation and aggression might also
display stress-related disturbances (Matthiesen &
Einarsen, 2007; Seals & Young, 2003). Given the diﬃ-
culties of evaluating brain chemical variations associ-
ated with social conﬂicts in humans, there have been
repeated calls for the analyses of neurochemical
changes associated with defensive and oﬀensive be-
haviours in animal models of aggression (Bjorkqvist,
2001 ; de Almeida et al. 2005). Although social defeat
and aggression in rodents are not equivalent to sub-
missiveness and bullying in humans, nevertheless,
stress outcomes associated with agonistic encounters
in animals may be instructive with respect to the
physiological disturbances provoked by psychosocial
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stressors in humans (Miczek, 1979 ; Miczek & de Wit,
2008).
Aggressive encounters in submissive animals in-
duce behavioural changes reminiscent of depression,
including a general decrease in exploratory activity,
motivational disturbances and anhedonia, as well as
increased anxiety (Becker et al. 2008 ; Berton et al. 1999;
Keeney et al. 2001 ; Rygula et al. 2005). Similarly, elev-
ated circulating levels of stress hormones adreno-
corticotropic hormone (ACTH) and corticosterone
were evident following defeat (Bhatnagar et al. 2006;
Keeney et al. 2001, 2006). Such hormonal responses
were also observed in animals that dominated an ag-
onistic encounter (Bartolomucci et al. 2001; Covington
& Miczek, 2005), although diminished pituitary-
adrenal activity was also reported (Cacho et al. 2003).
Interestingly, in high-ranking male infrahuman pri-
mates and rodents, elevated glucocorticoid levels may
also reﬂect the distress associated with preserving
their social rank or the costs of maintaining repro-
ductive strategies (Barrett et al. 2002 ; Bartolomucci et al.
2001 ; Sapolsky, 2005).
Beyond behavioural and neuroendocrine changes,
aggressive interactions in animal models provoke
brain serotonin (5-HT) abnormalities like those elicited
by other relatively strong stressors. For example,
acute social defeat in mice enhanced in-vivo hippo-
campal 5-HT release (Keeney et al. 2006). After
repeated confrontations, tissue levels of 5-HT, its
metabolite 5-hydroxyindoleacetic acid (5-HIAA), and
tryptophan hydroxylase were also increased within
several stress-related brain regions (Amstislavskaya &
Kudryavtseva, 1997 ; Devoino et al. 2003). It may be
particularly signiﬁcant that abnormally low cerebro-
spinal ﬂuid (CSF) concentrations of 5-HIAA were re-
ported in humans and non-human primates with a
history of initiating severe oﬀensive and violent acts
(Brown et al. 1979 ; Higley et al. 1996 ; Lee & Coccaro,
2001), thus providing the impetus for the notion that
low 5-HT metabolism was a trait marker for ag-
gression and violence. In line with this view, com-
pared to low-aggressive mice, those that had been
selected for high aggressiveness displayed lower 5-
HIAA and 5-HT levels within the prefrontal cortex
(PFC) after aggressive experiences (Caramaschi et al.
2007, 2008). In addition to the low baseline 5-HT func-
tioning associated with an aggressive disposition,
diminished extracellular 5-HT measured in vivo at the
PFC (van Erp & Miczek, 2000) and in CSF (van der
Vegt et al. 2003a) was observed in rats during and after
a display of aggressive behaviours.
Aggressive experiences have also been related to
variations of norepinephrine (NE) activity, although
the available data are less extensive and consistent,
particularly with respect to defeated and submissive
states (Lee & Coccaro, 2001). Nonetheless, elevated
CSF NE levels were reported in rats both before and
shortly after they dominated an agonistic encounter
(van der Vegt et al. 2003a), and low prefrontal NE
levels were found in high-compared to low-aggressive
mice after repeated victories (Caramaschi et al. 2008).
However, considerably less attention has been de-
voted to NE utilization in relation to aggressive be-
haviours in rodent models, whether in defeated or in
victorious animals.
The present study examined basal levels of circu-
lating corticosterone and of 5-HT and NE and their
metabolites in several stressor-sensitive limbic brain
regions in mice that had been identiﬁed as being sub-
missive or dominant. In addition, the direct impact of
single and repeated aggressive experiences on corti-
costerone as well as on monoamine levels and utiliz-
ation was assessed. Finally, given the limited data
available regarding potential changes provoked by
aggression in relation to social status, these outcomes
were determined in both mice that had lost (submiss-
ive) or won (dominant) the agonistic encounter.
Methods
Animals
In a ﬁrst experiment naive male CD-1 mice (Charles
River Canada), aged 6–8 wk, were housed in groups of
four in 27r21r14 cm polypropylene cages. Mice that
displayed aggressive behaviours towards their cage-
mates (i.e. chasing or biting) were removed from the
cage and singly housed, thus forming a group of pre-
selected dominant animals (n=20). The remaining
three mice of the cage in which a dominant mouse was
selected were not used for the purpose of this exper-
iment. In addition, 40 naive male CD-1 mice of the
same age were isolated upon arrival at the vivarium.
These mice were never put in direct contact with
another animal prior to a social stressor test and thus
were not pre-categorized on the basis of their domi-
nance/submissiveness. In a second experiment, 20
dominant mice were pre-selected from a new pool of
animals. In this study, mice that had exhibited sub-
missive postures (e.g. defensive upright posture)
when confronted by an aggressor during home-cage
interactions were individually housed, thus constitut-
ing a group of pre-screened submissive mice (n=20).
After the initial isolation or selection procedures,
mice were allowed 2 wk to acclimatize to their sur-
roundings. They were maintained in a controlled 12-h
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light/dark cycle (lights on 08:00 hours) with tem-
perature (22 xC) and humidity (63%) kept constant and
with free access to food and water. All experimental
procedures were approved by the Carleton University
Animal Care Committee and met the guidelines set
out by the Canadian Council on Animal Care.
Behavioural testing
Social stressor procedure
The ﬁrst experiment was aimed at testing the im-
mediate outcomes of aggressive interactions experi-
enced either on a single or on three occasions. All
procedures were conducted between 08:30 and 13:00
hours to minimize eﬀects related to diurnal factors.
During a stressor session, a ‘socially naive’ mouse was
introduced, individually, to the home cage of a pre-
selected dominant mouse and direct interactions were
permitted for 15 min. Thereafter the intruder mouse,
that had now acquired the status of ‘submissive’ as a
result of the agonistic encounter, was returned to its
home cage. This social stressor procedure was under-
taken either on a single occasion (single) or on each
of three consecutive days (repeated). New pairs of
submissive/dominant mice were formed for each
session in the repeated condition. Excessive aggressive
behaviours (e.g. incessant biting) were interrupted by
lightly shaking or gently knocking the cage. Social
interactions were videotaped for further scoring. Be-
havioural indices collected were (1) latency to initiate
the ﬁrst aggressive episode, and (2) frequency of
aggressive episodes. Mice that had not fought during
the ﬁrst 5 min were excluded from the further analyses
as were animals that showed clear signs of having
been bitten. On two occasions in the single condition
the presumed ‘submissive’ mouse dominated the
social confrontation. In these instances, the pre-
determined submissive/dominant classiﬁcations were
reversed. Similarly, the ‘socially naive’ mice that were
not subjected to the social stressor were brought to the
testing area once or on three occasions, in a separate
room, but were not handled or put into direct contact
with another mouse. Submissive and dominant mice
were sacriﬁced by rapid decapitation 3 min after the
end of the single or the third 15-min aggressive en-
counter, as was a non-stressed mouse.
Basal measurements and response to a mild stressor in
dominant and submissive mice
In the preceding experiment, dominant mice had been
pre-selected for their propensity to aggressiveness
and then tested in a social dominance situation with
‘socially naive’ mice. However, previous social experi-
ences and/or development of a dominant social rank
might have contributed to basal levels of the physio-
logical variables assessed even in the absence of a
further social stressor test. Moreover, because ‘socially
naive’/submissive mice were handled and introduced
to the dominant mouse’s home cage, handling, cage
transfer, or exposure to novelty (a stressor in its own
right) might also have inﬂuenced the expected out-
comes. Thus, an additional experiment was conducted
in which pre-selected dominant and submissive mice
either remained undisturbed in their home cages (ba-
sal) or were introduced to a novel clean cage with
clean bedding for 15 min (novelty) (n=10 per group).
Three minutes afterwards, mice were decapitated
and physiological samples collected as in the ﬁrst
experiment. Thus, it could be determined whether
neuroendocrine and neurochemical diﬀerences ac-
companied social status in the absence of a further
aggressive encounter, and whether these mice diﬀered
as a function of a mild stressor unrelated to aggressive
acts.
Blood collection and brain removal
Immediately after decapitation trunk blood was col-
lected in tubes containing 10 mg EDTA, centrifuged,
and the plasma stored at x80 xC for subsequent
corticosterone determination. Brains were rapidly re-
moved and placed on a stainless-steel brain matrix
(2.5r3.75r2.0 cm) positioned on a block of ice. The
matrix had a series of slots spaced y500 mm apart
that guided razor blades to provide coronal brain sec-
tions.
Once the brains were sliced, tissue from the medial
prefrontal cortex (mPFC), hippocampus, paraven-
tricular nucleus of the hypothalamus (PVN), and locus
coeruleus was collected by micro-punch using a hol-
low 20-gauge microdissection needle, following the
mouse atlas of Franklin & Paxinos (1997). Tissue pun-
ches were placed in 0.3 M monochloroacetic acid con-
taining 10% methanol and internal standards and
were stored at x80 xC for subsequent determination
of 5-HT and NE and that of their respective metab-
olites, 5-HIAA and 3-methoxy-4-hydroxyphenylglycol
(MHPG).
Corticosterone determination
Plasma corticosterone levels were determined, in
duplicate, using a commercial radioimmunoassay
(RIA) kit (ICN Biomedicals Inc., USA). Assays were
conducted in a single run to prevent inter-assay
variability ; the intra-assay variability was<10%.
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Central monoamine and metabolite determination
Levels of 5-HT and 5-HIAA, as well as NE andMHPG,
were determined using high-performance liquid chro-
matography (HPLC) as previously described (Hayley
et al. 1999). Brieﬂy, tissue punches were sonicated in a
solution obtained from a stock solution containing
500 ml HPLC grade water, 5.0 ml methanol, 0.0186 g
EDTA, and 14.17 g monochloroacetic acid. The PVN
and locus coeruleus were sonicated in 300 ml of this
solution, whereas the mPFC and hippocampus were
sonicated in 500 ml. After centrifugation, 20 ml of the
supernatant was passed at a ﬂow rate of 1.5 ml/min
(1400–1600 p.s.i.) through a system equipped with a
M-600 pump (Milford, USA), a guard column, a radial
compression column (5 m, C18 reverse phase, 8 mmr
10 cm), and a 3-cell coulometric electrochemical de-
tector (ESA model 5100A). The mobile phase used
for separation comprised 1.3 g heptane sulfonic acid,
0.1 g disodium EDTA, 6.5 ml triethylamine, and
35 ml acetonitrile that had been ﬁltered using 0.22-mm
ﬁlter paper, degassed, and the pH levels adjusted to
2.5 using phosphoric acid. A Hewlett-Packard inte-
grator determined the height and area of the peaks.
The protein content of each sample was measured
using bicinchoninic acid with a protein analysis kit
(Pierce Scientiﬁc, Canada), and a spectrophotometer
(Brinkman, PC800 colorimeter). Neurotransmitter
concentrations were based on protein levels. The
lower limit of detection for the monoamines and
metabolites was 5.0 pg/ml.
Data analyses
Submissive and dominant mice that had experienced
the social stressor were compared to their non-stressed
counterparts. Plasma corticosterone levels as well as
monoamine and metabolite concentrations in each
brain region were analysed through a 3 (status : non-
stressed, submissive, and dominant mice)r2 (rep-
etition : single and repeated) between-group analysis
of variance (ANOVA). A second analysis determined
whether submissive and dominant mice that were
challenged by a 15-min aggressive encounter test (ﬁrst
experiment) would diﬀer from the pre-selected sub-
missive and dominant mice that had been left in their
home cages without any further manipulation or ex-
posed to a novel cage (second experiment). Plasma
corticosterone as well as monoamine and metabolite
concentrations in each brain region were analysed
through a 2 (status : submissive and dominant)r4
(stressor condition : single aggression, repeated ag-
gression, basal, and novelty) ANOVA. Follow-up
comparisons for both analyses were performed using
t tests with a Bonferroni correction to maintain the
a-level at 0.05. In addition to between-group com-
parisons, Pearson’s correlation coeﬃcients were de-
termined between both the frequency of aggressive
episodes and the latencies to the ﬁrst aggressive epi-
sode with plasma corticosterone, monoamine, and
metabolite levels. Several samples were lost over the
course of the study, thus the degrees of freedom dif-
fered across the outcome measures.
Results
Each of the ﬁgures provides the data for both the ﬁrst
and second experiments (left and right panels, re-
spectively). The left panels depict the neuroendocrine
or neurochemical eﬀects of single or repeated ag-
gressive encounters in submissive and dominant
animals relative to mice that had not engaged in such
an encounter either during the pre-selection procedure
or on the test day. The right panels show the cortico-
sterone andmonoamine changes in mice that had been
pre-selected for dominant vs. submissive behaviour
during home-cage interactions, and then left undis-
turbed (basal levels) or subsequently challenged by a
mild stressor (novel surrounding).
Relation between latencies to ﬁrst attack and
frequencies of aggressive episodes with outcome
variables
Aggressive behaviours began shortly after the intro-
duction of the ‘socially naive’ mouse to the home cage
of the pre-selected dominant mouse (85.25¡22.05 s).
In submissive mice exposed to a single aggressive en-
counter, latencies to the ﬁrst aggressive episode were
negatively correlated with corticosterone levels (r=
x0.81, p<0.05), but this correlation was not apparent
in the dominant mice (r=x0.10) or in those that had
repeatedly experienced aggressive interactions (r=
x0.33 and 0.27). Latencies to the ﬁrst attack were not
signiﬁcantly correlated to monoamine and metabolite
concentrations (r=x0.46 to 0.58 across brain regions).
Similarly, the number of aggressive episodes
(20.81¡3.93) was not signiﬁcantly correlated to either
corticosterone levels (r=0.12), or the monoamine and
metabolite concentrations (r=x0.43 to 0.37 across
brain regions).
Plasma corticosterone
Aggressive encounters inﬂuenced circulating cortico-
sterone levels (F2,42=38.26, p<0.0001). As depicted in
Fig. 1 (left panel), concentrations were increased to
a comparable extent in submissive and dominant
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compared to non-stressed mice. Plasma corticosterone
also varied as a function of whether mice had been
subjected to aggressive interactions on the test day
relative to their submissive and dominant counter-
parts that had remained undisturbed or that had been
exposed to a mild stressor (right panel ; F3,72=23.32,
p<0.0001). The follow-up tests indicated that corti-
costerone levels after single and repeated aggressive
encounters were higher than in mice that had not
undergone a challenge or those exposed to the novel
cage ; these stressor-related variations were compar-
able in submissive and dominant animals.
Brain monoamine levels and utilization
mPFC
Figure 2 shows the mean concentrations of 5-HIAA
(upper panel) and 5-HT (lower panel) within the
mPFC. The accumulation of 5-HIAA and the levels
of 5-HT within the mPFC were both altered after
aggressive interactions (F’s2,42=10.41 and 3.56, p’s
<0.0001 and 0.05, respectively). Follow-up compari-
sons indicated that relative to non-stressed animals,
5-HIAA levels were increased to a comparable extent
in submissive and dominantmice, whereas 5-HT levels
were reduced. It was further observed that elevations
of 5-HIAA concentrations were more pronounced in
mice exposed to an aggressive encounter on a single
occasion than after repeated sessions (F’s1,42=6.39,
p<0.05).
Comparison of submissive and dominant mice
subjected to the social stressor (Fig. 2, left panels) and
those at basal level or exposed to novelty (Fig. 2, right
panels) revealed that both 5-HIAA and 5-HT levels
diﬀered across the stressor conditions (F3,72=37.16 and
9.62, respectively, p’s<0.0001). In particular, the 5-
HIAA accumulation was higher and the 5-HT con-
centrations were lower after one or three aggressive
encounters than they were in submissive and domi-
nant mice that had not been stressed (basal levels) or
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Fig. 1. Plasma corticosterone levels (mg/dl) in non-stressed
mice and in submissive and dominant mice engaged in one
(single) or three (repeated) aggressive encounters (left panel)
as well as in pre-selected submissive and dominant mice in
the absence of an aggressive encounter on test day (basal) or
exposed to a novel cage (novelty) (right panel). Data
represent means¡S.E.M. * p<0.0001 relative to non-stressed
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Fig. 2. Concentrations of 5-hydroxyindoleacetic acid
(5-HIAA) and 5-HT within the medial prefrontal cortex in
non-stressed mice and in submissive and dominant mice
engaged in one (single) or three (repeated) aggressive
encounters (left panel) as well as in pre-selected submissive
and dominant mice in the absence of an aggressive encounter
on test day (basal) or exposed to a novel cage (novelty)
(right panel). Data represent means¡S.E.M. * p<0.05 relative
to non-stressed mice. · p<0.05 relative to repeated condition.
# p<0.01 relative to pre-selected submissive and/or
dominant mice in the basal condition. # p<0.05 relative to
pre-selected submissive and/or dominant mice in the novelty
condition.
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that had been exposed to novelty. These stressor-
related changes were comparable in submissive and
dominant mice.
Aggressive interactions inﬂuenced MHPG con-
centrations within the mPFC (F2,42=22.12, p<0.0001),
irrespective of whether mice experienced a single or
three such interactions. Relative to non-stressed con-
trols, MHPG accumulation was increased both in
submissive and in dominant mice, and this eﬀect was
greater in the submissive animals (see Fig. 3). In con-
trast, prefrontal NE levels were not aﬀected by
aggressive interactions, although concentrations in
non-stressed mice in the repeated condition (trans-
ported to the testing area three times without being
stressed further) appeared somewhat higher, but not
signiﬁcantly so (p=0.07).
The comparison between mice that had en-
countered aggressive acts on the test day and their
submissive and dominant controls indicated that pre-
frontal MHPG levels varied as a function of the
statusrstressor condition interaction (F3,72=3.80, p<
0.01). Follow-up tests showed that in the submissive
mice, MHPG concentrations after single or repeated
aggressive encounters were higher than at basal levels
or after introduction to the novel cage. However, no
such diﬀerences were apparent in the dominant mice.
It also appeared that stressor-related NE levels dif-
fered between submissive and dominant mice (F3,72=
3.86, p<0.05). Speciﬁcally, NE concentrations after
novelty were, unexpectedly, lower than those evident
in mice that had not been stressed.
Hippocampus
Hippocampal 5-HIAA, shown in Fig. 4, was altered
after aggressive interactions (F2,42=4.44, p<0.05), but
did not vary as a function of the number of aggressive
encounters mice experienced. The follow-up com-
parisons conﬁrmed that 5-HIAA concentrations were
elevated to a comparable extent in submissive and in
dominant mice compared to non-stressed mice. Unlike
for 5-HIAA, the levels of 5-HT in dominant and
submissive mice were unaﬀected by aggressive en-
counters.
Analysis of 5-HIAA levels as a function of the ag-
gressive encounters, the novelty situation or the basal
level condition indicated that these groups did not
diﬀer from one another with respect to metabolite ac-
cumulation (F<1). However, a signiﬁcant eﬀect of the
stressor condition was apparent with respect to 5-HT
levels (F3,72=24.18, p<0.0001) (see Fig. 4). Speciﬁcally,
5-HT levels in submissive and dominant mice that had
experienced a single or repeated aggressive interaction
were lower than at basal levels or after the novel-cage
exposure. The submissive and dominant mice did not
diﬀer from one another in this regard.
Accumulation of MHPG within the hippocampus
(see Fig. 5) varied as a function of the statusr
repetition interaction (F2,42=5.20, p<0.01). Follow-up
comparisons conﬁrmed that in the single condition,
MHPG accumulation was increased in submissive
mice relative to both non-stressed and dominant mice,
whereas in the repeated condition, the metabolite ac-
cumulation was increased to a comparable extent in
submissive and in dominant mice (Fig. 5). It was also
observed that aggressive interactions inﬂuenced NE
levels (F2,42=7.44, p<0.01). This stemmed from a small
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Fig. 3. Concentrations of 3-methoxy-4-hydroxyphenylglycol
(MHPG) and norepinephrine (NE) within the medial
prefrontal cortex in non-stressed mice and in submissive and
dominant mice engaged in one (single) or three (repeated)
aggressive encounters (left panel) as well as in pre-selected
submissive and dominant mice in the absence of an
aggressive encounter on test day (basal) or exposed to a novel
cage (novelty) (right panel). Data represent means¡S.E.M.
* p<0.01 relative to non-stressed mice. *· p<0.001 relative
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relative to the basal vs. novelty comparison.
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but signiﬁcant decline of NE in dominant mice, ir-
respective of whether they were exposed to a single
or three aggressive encounters.
The MHPG levels in mice that had been subjected
to aggressive interactions and their submissive and
dominant counterparts in the basal and novelty con-
ditions varied as a function of the statusrstressor con-
stressor condition interaction (F3,72=3.52, p<0.05).
Follow-up tests indicated that in the submissive mice,
MHPG concentrations after a single aggressive en-
counter were higher than in the basal condition, but
did not diﬀer signiﬁcantly from mice in novelty con-
dition. No diﬀerences between stressor conditions
were apparent in the dominant mice.
The NE levels in submissive and dominant mice
across the stressor conditions revealed a signiﬁcant
main eﬀect of the stressor condition (F3,72=3.13, p<
0.05). It appeared that NE concentrations were higher
after three aggressive encounters, regardless of domi-
nance status, than after novelty.
PVN and locus coeruleus
Figures 6 and 7 illustrate the levels of MHPG (upper
panels) and NE (lower panels) within the PVN and
locus coeruleus, respectively. Concentrations of
MHPG within the PVN and locus coeruleus were
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Fig. 4. Concentrations of 5-hydroxyindoleacetic acid
(5-HIAA) and 5-HT within the hippocampus in non-stressed
mice and in submissive and dominant mice engaged in one
(single) or three (repeated) aggressive encounters (left panel)
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exposed to a novel cage (novelty) (right panel). Data
represent means¡S.E.M. * p<0.05 relative to non-stressed
mice. # p<0.0001 relative to pre-selected submissive and/or
dominant mice in the basal condition. # p<0.0001 relative to
pre-selected submissive and/or dominant mice in the novelty
condition.
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inﬂuenced by aggressive encounters (F’s2,42=10.01
and 4.36, p’s<0.0001 and 0.05, respectively), but NE
levels were unaﬀected. Relative to non-stressed mice,
MHPG accumulation within both these regions was
increased to a comparable extent in submissive and
in dominant mice, regardless of whether they were
subjected to aggressive interactions on a single or re-
peated basis. Although the rise of MHPG within the
locus coeruleus was actually modest in the mice
stressed on a single occasion, the interaction between
social status and the repetition of the stressor was not
statistically signiﬁcant.
When contrasting submissive and dominant mice in
the stressor conditions, MHPG levels within the PVN
were inﬂuenced by both the status (F1,68=5.97, p<
0.05), and the stressor condition (F3,68=3.22, p<0.05).
Speciﬁcally, MHPG concentrations were higher in
dominant than in submissive mice, and elevated in
the stressor groups (single and repeated encounter,
novelty) relative to basal values ; however, the latter
eﬀects were weak and actually non-signiﬁcant when
considering the Bonferroni correction. Finally, MHPG
concentrations within the locus coeruleus varied
across the stressor conditions (F3,68=6.42, p<0.001).
Relative to the basal level, MHPG levels in dominant
and submissive mice were elevated after repeated
aggressive encounters. Unlike MHPG accumulation,
NE levels within the two brain regions in submissive
and dominant mice did not vary across stressor con-
ditions.
Discussion
Intimidation and aggression may engender adverse
emotional and physiological repercussions in victims
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Fig. 6. Concentrations of 3-methoxy-4-hydroxyphenylglycol
(MHPG) and norepinephrine (NE) within the paraventricular
nucleus of the hypothalamus in non-stressed mice and in
submissive and dominant mice engaged in one (single) or
three (repeated) aggressive encounters (left panel) as well as
in pre-selected submissive and dominant mice in the absence
of an aggressive encounter on test day (basal) or exposed
to a novel cage (novelty) (right panel). Data represent
means¡S.E.M. * p<0.01 relative to non-stressed mice.
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Fig. 7. Concentrations of 3-methoxy-4-hydroxyphenylglycol
(MHPG) and norepinephrine (NE) within the locus coeruleus
in non-stressed mice and in submissive and dominant mice
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panel). Data represent means¡S.E.M. * p<0.05 relative to
non-stressed mice. # p<0.0001 relative to the basal condition.
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and may favour the development of neuropathologi-
cal disturbances, such as depression and anxiety
(Bjorkqvist, 2001 ; Hawker & Boulton, 2000). These
outcomes are not restricted to victims of aggression
and bullying, but may also be evident in the per-
petrators (Matthiesen & Einarsen, 2007 ; Seals &
Young, 2003). The present investigation, conducted in
mice, assessed (1) whether submissive and dominant
animals would exhibit diﬀerent basal corticoid and
monoamine proﬁles in stressor-sensitive limbic brain
regions, and (2) whether these physiological processes
would be diﬀerentially aﬀected directly after single
and repeated aggressive encounters in mice that were
victims of aggression (submissive mice) relative to
mice that initiated aggressive acts and dominated the
social interaction (dominant mice).
As previously reported, shortly after aggressive
interactions the levels of corticosterone increased in
both submissive (Bhatnagar et al. 2006 ; Keeney et al.
2001, 2006) and dominant (Bartolomucci et al. 2001 ;
Covington & Miczek, 2005) mice. These elevations
were not attributable to handling, cage transfer,
exposure to novelty, or the social status previously
attained, since low basal and novelty-related cortico-
sterone levels were found in pre-selected submissive
and dominant mice. The fact that corticosterone
variations were comparable in the submissive and
dominant mice is not surprising as the corticosterone
increases probably represent an adaptive physiologi-
cal response to stressors, regardless of how they came
about (Sapolsky et al. 2000). Yet, as blood samples
were only taken at a single time after the aggressive
encounter, it is uncertain whether the duration of the
elevation diﬀered in dominant and submissive mice.
Nevertheless, these ﬁndings are consistent with those
in infrahuman primates indicating that HPA func-
tioning may be elevated in dominant males as they are
in submissive males (Sapolsky, 2005).
Like the corticosterone changes, after aggressive
confrontations 5-HT utilization within the PFC and
hippocampus, reﬂected by 5-HIAA accumulation, was
increased to a comparable extent in the dominant and
submissive mice. Moreover, as observed following
strong uncontrollable stressors (Anisman & Zacharko,
1990), the increased prefrontal 5-HIAA accumulation
was accompanied by modest reductions in the parent
amine levels, possibly reﬂecting 5-HT utilization ex-
ceeding its synthesis. Within the hippocampus, the
increased 5-HIAA accumulation was somewhat less
marked than within the PFC, particularly after the
single aggressive encounter, and levels of 5-HT were
not aﬀected. It is interesting that within the PFC the
5-HIAA variations apparent after three aggressive
experiences were less pronounced than after a single
confrontation. It is uncertain whether this reﬂects an
adaptation like that frequently observed in connection
with other psychogenic and neurogenic stressors
(Anisman & Zacharko, 1990).
The adaptation-like eﬀect was not apparent within
the hippocampus, raising the possibility that the PFC
and hippocampus might play very diﬀerent roles in
relation to stressful, aggressive experiences. Indeed,
within the PFC, both submissive and dominant mice
had higher 5-HIAA and lower 5-HT concentrations
after aggressive encounters relative to the levels ob-
served in the absence of such an encounter. Thus, the
animal’s previously established social status itself
does not appear responsible for the altered PFC 5-HT
levels and utilization observed immediately after the
encounters. In contrast, within the hippocampus, basal
and novelty-related 5-HIAA accumulation in domi-
nant and submissive mice was comparable to the
levels that followed aggressive experiences. As such,
it is possible that hippocampal 5-HIAA variations
associated with the submissive/dominant status was
a pre-existing condition, rather than one instigated
speciﬁcally by an aggressive encounter on the test day,
as observed in the case of the PFC.
The enhanced 5-HT utilization provoked by ag-
gressive encounters in submissive mice is in line
with the general view that 5-HT systems are activated
in response to social defeat or chronic subordination
(Blanchard et al. 1991, 2001 ; Devoino et al. 2003 ;
Keeney et al. 2006). However, the increased 5-HIAA
accumulation in dominant animals is in apparent
contrast with the diminished prefrontal and CSF 5-HT
activity determined in rats in vivo during and shortly
after aggressive confrontations (van der Vegt et al.
2003a ; van Erp & Miczek, 2000). Speciﬁcally, it had
been reported in rats that during engagement in of-
fensive acts, 5-HT neurotransmission is rapidly and
transiently enhanced (van der Vegt et al. 2003b), and
that subsequent reductions of in-vivo 5-HT release may
reﬂect a compensatory inhibition of amine functioning
(van der Vegt et al. 2003a). Although speculative, it
is possible that aggressive experiences in the present
study elicited a similar, rapid increase of 5-HT neuro-
transmission, particularly at the PFC, and as a con-
sequence, elevated metabolite concentrations were
present in post-mortem brain tissue collected 3 min
after confrontations. It remains to be determined
whether 5-HT and 5-HIAA levels would vary at
lengthier intervals following an aggressive encounter.
It has been proposed that low and high 5-HT acti-
vation proﬁles in animals might be related to dis-
tinct aggressive phenotypes. Speciﬁcally, low 5-HT
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functioning has been associated with the disposition
to engage in impulsive aggression or violence, but
not necessarily to instrumental aggression aimed at
dominance or reproductive success (Berman et al.
1997 ; de Almeida et al. 2005 ; van der Vegt et al. 2003a).
In the present investigation the increased 5-HIAA
concentrations in dominant mice after aggressive en-
counters might not reﬂect the features associated with
excessive and impulsive aggression, but instead might
be indicative of the stress associated with functional
dominance intended to protect territory from in-
truders and/or to reassert or maintain dominance
status (van der Vegt et al. 2003a). The fact that basal
hippocampal 5-HIAA concentrations in dominant
mice that had not been challenged to an aggressive
encounter on the test day were comparable to levels
observed immediately after aggressive interactions
suggests that our aggressive mice were unlike those
presenting the typical low 5-HT proﬁle associated
with pathological aggression. However, as amines
were determined in post-mortem tissue, rather than
in vivo, aggressive behaviours could not be related to
baseline levels of 5-HT release. Moreover, as 5-HT
levels and utilization were only measured at a single
time following the social stressor test, it is uncertain
whether variations of amine turnover persist for
lengthy intervals as observed in relation to instru-
mental aggression (see Summers & Winberg, 2006),
nor is it known whether 5-HT turnover would further
stabilize at low levels, as thought to occur with
pathological forms of aggression (Brown et al. 1979;
Caramaschi et al. 2007, 2008 ; Lee & Coccaro, 2001).
Psychosocial stressors, such as social disruption
(regrouping with cage-mates after social isolation) and
chronic subordination were also associated with in-
creased prefrontal NE utilization (Gibb et al. 2008)
and elevated locus coeruleus tyrosine hydroxylase
levels (Watanabe et al. 1995). However, limited data
are available concerning NE variations that immedi-
ately follow social defeat or aggressive acts. Given
the role of the PFC and hippocampus in cognitive
processing (Hynes et al. 2006), PFC moderation of
amygdala-mediated anxiety (Berkowitz et al. 2007),
and the role of NE in emotional memory (van
Stegeren, 2008), it might be expected that NE neuro-
transmission in these regions would be particularly
sensitive to psychological factors related to defeat or
submissiveness. Indeed, in contrast to the 5-HT vari-
ations, the enhanced prefrontal and hippocampal NE
utilization engendered by aggressive encounters was
more pronounced in submissive than in dominant
mice, pointing to a role for NE neurotransmission in
the early stress response associated with submission
or defeat states. Moreover, MHPG accumulation in
submissive mice subjected to aggressive confron-
tations was notably increased compared to that evi-
dent in their counterparts that had not undergone this
stressor, particularly within the PFC, suggesting that
NE utilization was directly tied to defeat experiences.
Unlike the eﬀects evident in submissive mice, elev-
ated prefrontal and hippocampal MHPG concen-
trations in dominant mice after aggressive encounters
were comparable to those observed in the absence
of this experience (i.e. basal NE utilization). Although
these data do not permit causal conclusions to be
drawn concerning the relation between basal NE func-
tioning and dominance/aggressiveness traits, they do
distinguish between basal and aggression-related
MHPG accumulation in dominant and submissive
mice, wherein aggressive encounters primarily aﬀect
NE utilization in the submissive mice.
Increased hippocampal NE utilization was en-
gendered in dominant mice given a suﬃcient number
of aggressive experiences. Unexpectedly, it was only
in the dominant animals that hippocampal NE levels
were reduced, even though elevated MHPG was not
evident after a single encounter. It is conceivable that
the NE reduction in dominant mice occurred very
quickly during the single 15-min confrontation,
and as a result NE availability was insuﬃcient to per-
mit augmented release to continue (and hence be
detected), as observed in the case of 5-HT release
measured in vivo (van der Vegt et al. 2003a, b). This
supposition is clearly speculative and in-vivo studies
are needed to assess the dynamic NE changes that
accompany aggressive and submissive behaviours.
Single and repeated confrontations also increased
MHPG accumulation within the PVN and locus
coeruleus. Interestingly, PVN accumulation of MHPG
on the test day was greater in dominant than in sub-
missive mice, and this diﬀerence was particularly no-
table in those animals that had not been exposed to an
aggressive encounter. Thus, it seems that basal NE
utilization within this brain region might be elevated
in dominant mice prior to an encounter, although as in
the case of hippocampal NE utilization, the present
ﬁndings do not address the direction of causality be-
tween social status and NE activity.
Limitations and conclusion
In the present investigation neurochemical function-
ing was inferred from the accumulation of monoamine
metabolites, rather than directly measuring the in-vivo
release of these amines. Thus, a static measure was
obtained for a dynamic process that changes during
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social interactions. It was also the case that the data in
the basal and novelty conditions were not obtained at
the same time as in mice that experienced aggressive
encounters on one or three occasions. Accordingly,
conclusions pertaining to basal neurochemical diﬀer-
ences associated with social status and the direct im-
pact of aggressive experiences ought to be considered
cautiously.
These limitations notwithstanding, the data of
the present investigation indicated that being the
recipient of intimidating or aggressive attacks pro-
voked marked stress-related neuroendocrine and
neurochemical changes. Interestingly, being the in-
itiator of aggressive acts also engendered multiple
biological alterations that could be viewed either as
adaptive changes or as reﬂections of distress that could
potentially provoke adverse psychological reper-
cussions (Miczek et al. 2008 ; Sapolsky, 2005 ; Summers
& Winberg, 2006). In particular, circulating cortico-
sterone and 5-HT utilization, particularly at the PFC,
appeared to be responsive to aggressive events, in
general, whereas NE neurotransmission within the
PFC and hippocampus was aligned with the psycho-
logical attributes of the aggressive encounter (being
dominant or submissive). As the PFC and hippocam-
pus are thought to be fundamental in the evolution
of depression, it is possible that variations of NE and
5-HT neurotransmission within these regions may
contribute to depressive- and anxiety-like behaviours
elicited by social stressors (Becker et al. 2008 ; Berton
et al. 1999 ; Keeney et al. 2001 ; Rygula et al. 2005).
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